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The thermal stability of the supercooled liquid, glass forming ability~GFA! and magnetic properties
were examined for amorphous Fe722xAl5Ga2P11C6B4Six , Fe72Al5Ga2P112xC6B4Six , and
Fe72Al5Ga2P11C62xB4Six alloys. The increases in the thermal stability and GFA and the
improvement of the soft magnetic properties were recognized in the replacements ofP by 1 to 2
at. % Si and of C by 1 at. % Si. The supercooled liquid regionDTx defined by the difference
between Tx and Tg increases from 53 K for Fe72Al5Ga2P11C6B4 to 58 K for
Fe72Al5Ga2P11C5B4Si1. The maximum thickness for glass formation (tmax) by copper mold casting
also increases from 1 mm for the Fe–Al–Ga–P–C–B alloy to 3 mm for the
Fe72Al5Ga2P10C6B4Si1 alloy. The increases inDTx andtmax are presumably because of the increase
in the degree of the satisfaction of the three empirical rules for glass formation. The soft magnetic
properties are also improved by the replacement of 1% Si through the increase in the squareness
ratio of B–H loop (Br /Bs) and the decrease in coercive force (Hc). The best soft magnetic
properties for the bulk amorphous alloys are 1.14 T forBs, 1.5 A/m forHc , 0.45 forBr /Bs and 594
K for Tc for the Fe72Al5Ga2P10C6B4Si1 alloy. The success of forming the Fe based ferromagnetic
bulk amorphous alloys of 3 mm in thickness is promising for future development as a new type of






































tionRecently, bulk amorphous alloys have been formed1–5 in
multicomponent Mg, Ln-, Zr-, and Zr–Ti-based~Ln
5lanthanide metal! alloy systems. These bulk amorphous
loys have a wide supercooled liquid region above 60 K
fore crystallization. The appearance of the wide supercoo
liquid region implies the high resistance against crystalli
tion leading to large glass forming ability~GFA!. The largest
temperature interval of the supercooled liquid has been
tained for the Zr–Al–Ni–Cu system and the temperature
tervalDTx defined by the difference between crystallizati
temperatureTx and glass transition temperatureTg reaches
127 K.6 It has subsequently been reported7 that the use of the
alloy composition enables the production of bulk amorpho
alloys with diameters up to 30 mm. Based on these n
amorphous alloys with large GFA, we have proposed
three empirical rules for the achievement of large GFA,1–5
i.e., ~1! multicomponents containing more than three e
ments,~2! different atomic size ratios above about 12%, a
~3! negative heats of mixing. According to the three emp
cal rules, we have subsequently searched a new Fe b
amorphous alloy with a large GFA. More recently, we ha
succeeded in fabricating Fe–~Al,Ga!–~P,C,B,Ge! bulk amor-
phous alloys with soft ferromagnetism.8–12 The Fe based
amorphous alloys consist of the three group elements of
~Al,Ga! and ~P,C,B,Ge! which satisfy the three empirica
rules. The maximum diameter of the Fe based amorph
alloys prepared by casting was about 1.0 mm for
Fe72Al5Ga2P11C6B4 alloy.

















cause a further increase in the GFA. This article aims
present the thermal stability of supercooled liquid, GFA a
magnetic properties for Fe–Al–Ga–P–C–B–Siamorphous
alloys prepared by melt-spinning and copper mold castin
Multicomponent Fe722xAl5Ga2P11C6B4Six ,
Fe72Al5Ga2P112xC6B4Six , and Fe72Al5Ga2P11C62xB4Six al-
loys were used. The ingots were prepared by induction m
ing. Their compositions determined by chemical analysis
nominally expressed in atomic percentage. From these a
ingots, ribbons with a cross-section of 0.01530.5 mm2 and
cylinders with a length of 50 mm and diameters up to 5 m
were prepared by melt-spinning and copper mold cast
respectively. The amorphicity of the samples was exami
by x-ray diffractometry~XRD!, optical microscopy~OM!,
and transmission electron microscopy~TEM!. The apparent
specific heatCp was measured at a heating rate of 0.67 K
with a differential scanning calorymetry~DSC!. Hysteresis
B-H loop was measured with a vibrating sample magne
meter ~VSM! under a field of 1430 kA/m and with aB-H
loop tracer under a field of 1.6 kA/m. Permeability at 1 kH
and 0.8 A/m was also measured with an impedance analy
Figure 1 shows the DSC curves of the melt-sp
Fe722xAl5Ga2P11C6B4Six ~x50 to 5 at. %! amorphous alloys.
One can see an endothermic reaction due to glass trans
followed by a supercooled liquid region and then an exoth
mic reaction due to crystallization. The Fe based alloys c
taining 2 and 4% Si keep an internal equilibrium state in




























Downloadedue to the ferromagnetic to paramagnetic transition is s
on the DSC curve, as marked withTc . The peak temperatur
of the endothermic reaction is regarded as the Curie temp
tureTc . Figure 2 plots theTg , Tx , DTx , peak temperature o
the exothermic reaction due to crystallizationTp andTc as a
function of Si content for the Fe722xAl5Ga2P11C6B4Six amor-
phous alloys.Tg increases from 726 to 773 K with increasin
Si, whileTx increases from 778 to 808 K in the Si range
to 6 at. % Si and then remains almost constant in the hig
Si range. As a result,DTx shows a maximum value of 55 K
for the 4% Si containing alloy. Thus, the replacement of
by a small amount of Si is effective for the increase in t
stability of the supercooled liquid. However,Tc decreases
from 587 to 474 K with increasing Si content. The decrea
is interpreted to originate from the decrease in Fe conten
With the aim of increasing theDTx for the Fe based
amorphous alloys, the change inDTx with Si content was
examined for the Fe72Al5Ga2P112xC6B4Six and
Fe72Al5Ga2P11C62xB4Six alloys. TheDTx of the two alloy
series show maximum values at 1 at. % Si and decrease
further increasing Si content. The largestDTx is 58 K for the
Fe72Al5Ga2P11C5B4Si11 alloy. The supercooled liquid in an
internal equilibrium state is retained over a temperature
terval of 30 K. Here, it is important to point out that th
amorphous alloys with the largestDTx in each alloy system
crystallize accompanying a single exothermic peak. T
FIG. 1. DSC curves of the amorphous Fe722xAl5Ga2P11C6B4Six ~x50, 1, 2,
3, 4, and 5 at. %! alloys.
FIG. 2. Changes in the glass transition temperatureTg , crystallization tem-
peratureTx , DTx(5Tx2Tg), peak temperature of the exothermic peakTp ,
and Curie temperatureTc as a function of Si content for the amorphou









crystallized structure consists of five phasesa-Fe, Fe3P,
Fe3C, Fe3B, and Fe2B for the Fe72Al5Ga2P11C5B4Si1 alloy.
The crystallization of the amorphous alloys with the wi
supercooled liquid region takes place through the simu
neous precipitation of five kinds of phases. This implies t
the necessity of longrange atomic rearrangements of the
stituent elements causes the appearance of the wide s
cooled liquid region through the suppression of the prec
tation of crystalline phases.
Figure 3 shows the change inTc with Si content for the
Fe–Al–Ga–P–C–B–Siamorphous alloys. AlthoughTc de-
creases with the replacement of Fe by Si, the replacemen
P or C by Si causes the increase inTc and the highestTc for
the Fe based amorphous alloys withDTx above 50 K is 602
K for the Fe72Al4Ga2P11C6B4Si1 alloy. TheB-H hysteresis
loops of the Si containing alloys withTc higher than that
~586 K! for the Fe72Al5Ga2P11C6B4 amorphous alloy are
shown in Fig. 4 for the Fe72Al5Ga2P10C6B4Si1 and
Fe72Al5Ga2P11C5B4Si1 alloys with the maximumDTx . These
alloys exhibit good soft magnetic properties with 1.06
1.10 T for saturation magnetizationBs and 1.03 to 4.47 A/m
for coercive forceHc . We examined the changes inBs and
Hc as a function of Si content for the
Fe722xAl5Ga2P11C6B4Six , Fe72Al5Ga2P112xC6B4Six , and
Fe72Al5Ga2P11C62xB4Six alloys. TheBs increases from 1.04
to 1.13 T with increasing Si content for the latter two allo
where the P and C are replaced by Si, while the replacem
of Fe by Si causes a decrease inBs from 1.04 to 0.665 T. On
FIG. 3. Change inTc with Si content for the amorphous Fe–Al–Ga–P–C–
B–Si alloys.
FIG. 4. HysteresisB-H loops of the amorphous Fe72Al5Ga2P10C6B4Si1 and























































Downloadethe other hand, theHc increases from 1.93 to 18.2 A/m wit
increasing Si content for the three alloy series. Based on
data on the compositional dependence ofDTx , Tc , Bs , and
Hc , it is concluded that the Fe72Al5Ga2P10C6B4Si1 and
Fe72Al5Ga2P11C5B4Si1 alloys have the good combination o
higher thermal stability of the supercooled liquid and bet
soft magnetic properties.
The cast Fe72Al5Ga2P10C6B4Si1 cylinders with diameters
of 1 and 2 mm have smooth surfaces and good luster, an
distinct raggedness corresponding to a crystalline phas
seen on the outer surface. The absence of a crystalline p
was also confirmed by OM. The XRD patterns taken fro
the cylindrical samples consisted of a broad peak at a w
vector of 30.9 nm21. Figure 5 shows the DSC curves of th
amorphous Fe72Al5Ga2P10C6B4Si1 cylinders with diameters
of 0.5, 1, and 2 mm. No distinct difference inTg , Tx , DTx ,
and crystallization process is seen among the three sam
though Tc increases from 589 to 596 K with increasin
sample diameter.
Figure 6 shows theB-H hysteresis loops of the amo
phous Fe73Al5Ga2P11C5B4 and Fe72Al5Ga2P10C6B4Si1 cylin-
ders with diameters of 1 and 2 mm, respectively. These
inders exhibit good soft ferromagnetic properties and theBs
andHc are 1.07 T and 12.7 A/m for the former cylinder an
1.14 T and 1.5 A/m for the latter cylinder. The squaren
ratio is improved for the Si containing cylinder, in spite
the larger diameter. The improvement is presumably du
the better smoothness on the outer surface for the cylinde
2 mm in diameter resulting from the better accuracy of
inner shape of the copper mold. From the thermomagn
data of the 2 mm in diameter, theTc andTx were 596 and
785 K, respectively, in agreement with those obtained fr
the DSC curve. In addition to the bulk amorphous cylinde
the thick amorphous sheets with thickness of 0.5 and 1 m
a width of 5 mm, and a length of 70 mm were also produc
by casting. The squareness ratios of these sheets dec
slightly in comparison with those for the corresponding c
cylinder. The reduction is presumably due to the influence
demagnetization resulting from the thick sheet morpholo
As described above, the replacement of P by 1%
caused the increases inDTx from 53 to 58 K and intmax from
1 to 3 mm for the Fe72Al5Ga2P11C6B4 amorphous alloy.
Thus, there is a tendency fortmax to increase with increasing
DTx . The crystallization of the Fe based amorphous allo
FIG. 5. DSC curves of the cast amorphous Fe72Al5Ga2P10C6B4Si1 cylinders























occurs through a single exothermic reaction leading to
precipitation of the five phases,a-Fe, Fe3P, Fe3B, Fe2B, and
Fe3C. It has previously been pointed out
8 that the single
stage crystallization mode is an important factor for t
achievements of high thermal stability of the supercoo
liquid and the large GFA of the Fe based alloys. That is,
necessity of long range rearrangements of the constituen
ements causes the retardation of the crystallization reac
leading to the high stability of the supercooled liquid and t
large GFA. It is therefore presumed that the replacement
by 1% Si causes a further increase in the difficulty of t
atomic rearrangements. The atomic sizes of the metallo
change in the order Si.P.B.C. The increase in the variet
of atomic sizes also implies that the atomic rearrangem
for the precipitation reaction becomes difficult. Furthermo
the similarity of the atomic sizes and the large negative he
of mixing13 between P and Si allow us to presume that S
preferentially dissolved into Fe3P and the precipitation of the
Fe3~P,Si! phase becomes difficult by the necessity of the
arrangements of the two kinds of metalloid. This mechani
is thought to cause the most effective extension of the su
cooled liquid region when the P element in th
Fe72Al5Ga2P11C6B4 alloy is replaced by 1 to 2% Si.
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FIG. 6. B-H hysteresis loops of the cast amorphous Fe73Al5Ga2P11C5B4 and
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